Abstract: A microcosm experiment was used to examine the response of nematode in terms of density and diversity at different levels of permethrin contamination. The sediments were contaminated with three permethrin concentrations [P1: low (5 mg kg −1 ), P2: medium (25 mg kg −1 ) and P3: high (250 mg kg −1 )] and the effects were evaluated after 30 days. The results from univariate and multivariate analyses showed significant differences between nematode assemblages from uncontaminated control and those from permethrin treatments. All univariate indices changed significantly at all the levels of permethrin contamination. In fact, the total nematode abundance (I), Shannon-Weaner index (H ), species richness (d), evenness (J ) and number of species (S) decreased significantly in all the contaminated microcosms. In addition, the results from multivariate analyses of the species abundance data demonstrated that permethrin affects the responses of nematode species. These significant modifications in nematode community structures with response to permethrin contamination were the consequences of a different specific tolerance to this pesticide. Thus, Araeolaimus bioculatus, Calomicrolaimus honestus, Oncholaimus campylocercoides and Theristus pertenuis characterized by increased abundances in all treated replicates, appeared to be "permethrin-resistant" species. Daptonema trabeculosum was eliminated in all the doses tested and seemed to be a very sensitive species to permethrin contamination.
Introduction
Pesticides are applied along the coastal plain and many agricultural areas to protect the crops from pests. The massive use of pesticides induces acute or chronic contamination of aquatic biota via spray drift, leaching or runoff from urban and agricultural areas. Consequently, many pesticides such as permethrin and atrazine were detected in marine sediments (Bintein & Devillers 1996) . Herbicides in estuarine areas have been reported at concentrations ranging from several 10s to 100s of ng L −1 (Oros al. 2003; Chesworth et al. 2004) . Pesticide pollution can damage a wide variety of organisms as they persist in the ecosystem (Padhy 1985) . Therefore, it was considered important to study the effects of these compounds on aquatic organisms. Many studies have shown the effects of pesticides on algae, Cyanobacteria and other organisms (Anand & Veerappan 1980; Ma et al. 2002) . The insecticide like pyrethroids have been reported to be toxic to many aquatic animals (Tomlin 1997) , such as fish, and amphibious and aquatic invertebrates. Some characteristics of pyrethroids such as persistence in aquatic environment and organisms can increase their toxicity. In fact, their half-lives in the environment typically are on the order of days to weeks in the aqueous phase (Laskowski 2002 ) exhibit prolonged persistence in aquatic sediments. Lee et al. (2004) reported a bifenthrin half-life of 163d in a creek sediment slurry; deltamethrin was detectable in sediments of a pond mesocosm at the concentrations of 3 to 5 ng g −1 after nearly one year (Muir et al. 1985 ) and a high concentrations of permethrin were still detected in sediment, algae and snails after four months (Dietrich et al. 1996) .
The indication of pyrethroid-related toxicity in aquatic sediments suggests more attention should be given to toxicity of sediment-associated residues but much of the risk assessment work to date has focused on dissolved-phase pyrethroids Giddings et al. 2001; Boufahja et al. 2011 ) with only infrequent consideration of sediment toxicity (Weston et al. 2004; Maund et al. 2002) . For that, the effects of sediment-associated pesticide on benthic organisms need to be studied.
Among these invertebrates, benthic nematode communities are well suited to assess contaminant im-378 A. Soltani et al. pacts. They have short generation time, high density and continuous reproduction (Suderman & Thistle 2003) . These small animals are also easily maintained and sensitive to many toxicants (Guo et al. 2001; Hermi et al. 2008) . Therefore, in the present study the effects of permethrin, a pyrethroid insecticide, on a meiobenthic nematode community of a Mediterranean coastal lagoon (Ghar El Melh lagoon, Tunisia) were examined.
In our experiments we used natural sediment with its meiobenthic community in order to examine the effect of permethrin on density and diversity of nematofaune.
Material and methods

Collecting samples
Sediments with their natural meiobenthic community were collected in October 2006 Ghar El Melh lagoon (Tunisia). Hand-cores of 10 cmň were used to a depth of 15 cm to transfer sediment into a bucket. At the prospected site (37 • 09.10 N, 10
• 13.01 E), depth was 1.30 m and salinity was 41.00 g L −1 . The sediments had a median particle diameter of 39 µm, organic carbon content of 1.32% and were composed primarily of silts (40%) and clays (21%) ). In the laboratory, sediments were homogenized before they were used for permethrin contamination or microcosms filling.
Experimental set-up Microcosms consisted of 2 L glass bottles. Treated microcosms were gently filled with 300 g of sediment [200 g of natural sediment and 100 g contaminated sediment (dry weight, dw)], and topped up with filtered (1 L) natural lagoon water. In control microcosm, the contaminated sediment was replaced by 100 g (dw) of the defaunated sediment. Each microcosm was aerated using an aquarium air-stone and was run as closed system wish.
A control and three treatments, corresponding to the three levels of permethrin contamination, were employed in each of the experiments; with four replicates (Table 1 ). The experiment was left for 40 days as meiofauna have a short regeneration time, usually 2-4 weeks (Heip et al. 1985; Vincx 1989) and the sediments fixed in 4% formalin.
Permethrin contamination of sediments Sediment used for permethrin (3-phenoxyphenyl-methyl (+) cis-trans-3-(2,2-dicloroethenyl)-2,2-dimethylcyclopropane carboxylate) contamination was defaunated by successive freezing (80 • C) and thawing (Austen et al. 1994; GyeduAbabio & Baird 2006) , and then it was wet sieved to remove the larger particles (> 63 µm). Next, quantities of 100 g (dry weight, dw) of this sediment were contaminated by appropriate doses of permethrin in order to obtain final concentrations of 5 mg permethrin kg −1 (dw), 25 mg permethrin kg −1 (dw), 250 mg permethrin kg −1 (dw), after being mixed with 200 g of natural (uncontaminated) sediments.
Permethrin was mixed into the sediment with a food mixer and the amended sediment was left to equilibrate for 1 week at 5
• C before microcosms were assembled.
Sample processing
Meiofauna samples were sieved using the respension-decantation methodology (Wieser 1960 ) and stained with Rose-
). Nematodes were counted using a stereomicroscope. All extracted nematodes were identified to genus or species using the pictorial keys of Platt & Warwick (1983 , 1988 , and Warwick et al. (1998) . From each sample 100 nematodes were picked randomly (Ólafsson et al. 1995) , impregnated with anhydrous glycerin (Platt & Warwick 1983) , mounted on slides and used for microscopic species identification.
Data processing
The majority of data analysis followed standard community analysis methods described by Clarke (1993) and Clarke & Warwick (2001) using the Plymouth Routines in Multivariate Ecological Research (PRIMER) software package.
Univariate indices were computed: total nematode abundance (I, ind. microcosm −1 ), number of species (S ), diversity (Shannon-Wiener index H = log e), species richness (Margalef's d ) and evenness (Pielou's J ) were calculated for each microcosm. The One-way ANOVA was used to test for overall differences between these indices and the Tukey HSD multiple comparisons test were used in pair wise comparisons of treatments and control. A significant difference was assumed when P < 0.05.
Multivariate data analysis was by non-parametric multi-dimensional scaling (MDS) ordination with the BrayCurtis similarity measure performed on square-root transformed species abundance data to determine whether the nematode assemblages responded to different levels of permethrin contamination by changes in the relative abundance of species. Pairwise analysis of similarities (ANOSIM) was carried out to determine if there were any significant differences between nematode assemblages in different treatments. Similarity percentage (SIMPER) was used to determine the contribution of individual species to the average dissimilarity between treatments and control. Throughout the text, the shorthand codes given in Table 1 are used to identify microcosms.
Results
Univariate indices
The graphical summary of univariate indices for nematode assemblages from each microcosm (Fig. 1) illustrates clear treatment effects according to the sediment permethrin concentrations. The results of significance testing using the one-way ANOVA for overall differences between univariate indices indicate that permrtehrin contamination resulted in significant changes of univariate measures. Results from the multiple comparisons tests (Fig. 2) show significant differences between nematode assemblages from undisturbed controls and those from permethrin treatments. Most univariate measures in the control replicates (I = 520.5 ± 1.2; H = 1.94 ± 0.14; d = 3.63 ± 0.17; J = 0.68 ± 0.12; S = 17.75 ± 0.56) are significantly higher than those in the treated microcosms especially the most contaminated one (I = 7 ± 1.6; H =1.46 ± 0.06; d = 0.86 ± 0.09; J = 0.28 ± 0.018; S = 5 ± 0.5). Species richness (d ) and number of species (S ) decreased significantly with an increase of permethrin contamination. Evenness (J ) and abundance (I ) decreased significantly in microcosms contaminated with the medium and the high permethrin concentrations.
Multivariate indices
A total of 29 nematode species were recorded in all the microcosms (Table 2 ). The control microcosm (C) was dominated by Daptonema trabeculosum (Schneider, 1906) (34.68%), Araeolaimus bioculatus (de Man, 1876) (27.43%), Bathylaimus australis Cobb, 1894 (10.58%) and Oncholaimus campy- In the MDS ordination for all the microcosms (Fig. 2) the effects of permethrin are obvious. In fact, the replicates of all treatments are distinct from the controls. They are arranged in a graded series according to the permethrin sediment concentrations.
ANOSIM results reveal a significant impact of permethrin on nematode assemblages at all the doses tested (P < 0.05). All treatments are significantly different from controls and from all the others treatments.
SIMPER results demonstrated that the average dissimilarity between microcosms increases with increasing level of permethrin contamination (Table 3) .
Discussion
The Ghar El Melh lagoon nematofauna appeared to be particularly sensitive to permethrin contamination. In fact, the nematode community structure in the three concentrations among the pesticide treatments is different from the control.
Univariate analysis showed that all the doses tested appeared to have drastic effects on the free-living nematode community. Total nematode abundance (I ), number of species (S ) Shannon-Weaner index H and species richness (d ) decrease significantly with an increase of permethrin contamination. In fact, by increas-380 A. Soltani et al. ing mortality of the most sensitive species, permetrin contamination was responsible for the decrease in nematode abundance and alteration of meiobenthic community. Few studies have examined the effects of pesticide on meiobenthos, but results are difficult to generalize. The sensitivity of meiofauna to toxicants has been found to vary with taxonomic group and species, as well as with the toxicant and its concentration and effects tend to be taxon specific. Schizas et al. (2001) showed that pesticides caused mortality of harpacticoid copepods. Sánchez-Fortún & Barahona (2005) concluded that meiofauna taxa were affected by permethrin contamination but a very low sensitivity of the rotifer Brachionus plicatilis (Müller, 1786) was detected.
Field studies have demonstrated that where permethrin was intentionally introduced to the aquatic environment, it has had a major impact on the invertebrate community in that environment. The effects of permethrin were detected on many sensitive invertebrates such as the adult crayfish Orconectes immunis (Thurston et al. 1985) , larvae of the midge Tanytarsus dissimilis (Thurston et al. 1985) and nymphs of the damselflies Enellagma spp.
Many studies showed that permethrin increased invertebrate drift density and invertebrate community changes (Kreutzweiser & Sibley 1991; Werner & Hilgert 1992) . However, Werner & Hilgert (1992) found that while spray drift from permethrin application to Spruce trees resulted in significant mortality to pelagic invertebrates in a nearby stream, there were no adverse effects on benthic invertebrates, trout fry, or periphyton. Alsterberg et al. (2007) concluded that the antifouling agent copper pyrithione (CPT) decreased meiofaunal grazing. The result of this study is due to the reduction in biomass of nematodes, larval polychaetes and copepods. Among major meiofaunal taxa, copepods and polychaetes appeared to be affected most. Boufahja et al. (2011) showed that water contamination by three doses of permethrin (50 µg
and 150 µg L −1 ), caused significant changes in abundance, diversity and species composition of nematode assemblage from Bizerte Bay (Tunisia).
Many factors can contribute to these seemingly conflicting results. In fact, bioavailability and hence toxicity of contaminants depends on their partitioning between the sediment, pour water and overlying water Table 1 for codes. (Austen & McEvoy, 1997) . The hydrobiological parameters and the nature of sediment can affect the bioavailability of pollutants (Depledge et al. 1994; Langston & Spence 1994) . Thus, some studies have shown that the tendency of permethrin to adsorb the fine sediments and dissolved organic matter in the marine environment (Liu et al. 2004; Lee et al. 2004 ) is likely to reduce its bioavailability to microorganisms capable of metabolizing. However sorption to fine particulate matter, bacterial biofilms and algae existing in sediments, increases the bioavailability of permethrin to benthic invertebrates (Allan et al. 2005) . These effects of permethrin on benthic invertebrates may be enhanced by its ability to persist in the environment for a period exceeding the duration of half-life (days to weeks) in the aqueous phase including the marine environment. In fact Dietrich et al. (1996) studied two rivers in Germany that were accidentally contaminated with a large quantity of permethrin, resulting in extensive fish kills and loss of other aquatic fauna. Four months after the contamination, high concentrations of permethrin were still detected in sediment, algae and snails. According to Laskowski (2002) , this accumulation of permethrin offers the ability to persist long periods in aquatic sediments and posed a hazard to benthic organisms such as the meiobenthos. This persistence has also been reported for other pesticides of the pyrethroid family. Thus, deltamethrin was detectable in sediments of a pond mesocosm at concentrations from 3 to 5 ng g −1 after nearly one year. Multivariate analysis of the data revealed significant differences between control and all treated microcosms. This indicates that the response of the free living nematode community was dependent on the level of permethrin contamination. In the MDS plot for the nematode assemblages, all replicates were separated from each other indicating a gradual change in community composition with increased permethrin contamination.
Significant differences between control and treated microcosms mainly resulted from changes in the abundances of the dominant species (Table 4) . The increasing dominance of a species may be related to reduction phenomena of interspecific competition but also the resistance of this species at a given concentration of permethrin. Thus, Araeolaimus bioculatus, Calomicrolaimus honestus, Oncholaimus campylocercoides and Theristus pertenuis characterized by increased abundances in all treated replicates, appeared to be "permethrin-tolerant" species. Daptonema trabeculosum was eliminated in all the doses tested and seemed to be a very sensitive species to permethrin contamination. Oncholaimus campylocercoides, a permethrin tolerant specie, can also tolerate higher concentration of Zinc ), nickel ). However, this species was reported intolerant to diesel contamination (Mahmoudi et al. 2005) . Daptonema trabeculosum, eliminated in all permethrin treated microcosms, was considered sensitive species to lubricant contamination (Beyrem et al. 2010) .
Stimulation of selected nematode species has been observed in several studies of trace metals (GyeduAbabio & Baird 2006; Austen et al. 1994; Mahmoudi et al. 2007 ), hydrocarbons (Coull et Chandler 1992; Peterson et al. 1996; Carman et al. 1997; Beyrem et Aďssa 2000; Mahmoudi et al. 2005 ) lubricants (Thompson et al. 2007; Beyrem et al. 2010 ) and pesticide (Boufahja et al. 2011) . These species take advantage of the stressed situation at a particular site to dominate in numbers at the expense of other nematode species. They are normally referred to as being opportunistic. Their continuous presence and identification in polluted sediments strengthen the notion that they can be used as indicators of disturbed environments.
Altered species composition could significantly influence interactions between nematodes and interactions among major benthic taxa. In addition, many juvenile fish and crustaceans have meiobenthos, and particularly nematodes and copepods, as an obligate nutritional source (Gee 1989; Coull 1990 ). Response of freeliving nematodes to permethrin contamination (elimination of some species, increase or decrease of some others) could lead to food limitation for their predators, which ultimately could alter entire communities and ecosystems.
